there have been a number of modifications aimed at increasing the purity of the produced gas, product recovery, the production of the adsorbent and energy efficiency [8] . Among the best improvements that have been introduced is the incorporation of a pressure equalization step typically after the first bed is purged and the second bed has completed the adsorption step under high pressure. Rather than starting with the draining of the second bed, both beds are connected to an equal pressure. Thus, the first bed is partially pressurized while the second bed is depressurized to equalize the pressure. At the end of the equalization phase, the second bed continues to be depressurized and purged, while the first bed is being pressurized [9] . Actually, commercial scale processes operate in a two-column cycle, which includes an adsorption or production step in which vapor-feed is supplied at 167°C, at a pressure of 379.2 kPa and at a concentration of between 92% wt and 93% wt of ethanol, in order to get a product with a 99% wt ethanol purity within a 345 s time cycle. A portion of the product is taken to purge for 15 s, and the 2nd bed is pressurized during 120 s. The desorption step is divided into several sub-stages: i) First, depressurization pressure decreases from 379.2 kPa to 137.9 kPa at only 60s to create a vacuum in counter-current; ii) Second, the depressurization where the pressure is lowered from 137.9 kPa to 37.9 kPa at 150 s; iii) Third, purging at 37.9 kPa for 15s with produced anhydrous ethanol; iv) Pressurization during 120 s of the second bed to provide a portion of the effluent produced in bed 1 [2, [10] [11] [12] [13] . Introducing a pressure equalization step in other processes such as hydrogen purification has shown an improved process performance [7] .
In this research work, the ethanol dehydration production process analysis is carried out using the Mathematical Modeling of Pressure Swing Adsorption (PSA). An analysis of the effects of introducing the pressure equalization step is performed on four main response variables: purity, production, recovery and energy consumption and it is compared with the current cycle configuration operating in the industry. Aspen Adsorption was used for the valuation and simulation of the cyclic PSA process. The simulation results were analyzed and processed in Statgraphics Centurion to obtain optimum operating conditions for the process.
Material and methods

Mathematical modeling
Simulation of the industrial cycle and the pressure equalization step cycle is carried out under a steadystate approach in Aspen Adsorption software. The mathematical equations used are summarized in Table 1 and are based on the following approximations: -An ideal gas is considered. -The radial dispersion is negligible. -The bed operates under non-isothermal and nonadiabatic processes and the gas, the solid and the bed's wall have thermal conductivity. -The velocity of the superficial gas is related to the pressure gradient according to the Ergun equation. -Primary resistance to mass transfer is combined into a single grouped parameter, where the driving force is a linear function of the weight of the solid. -Adsorption equilibrium is well-described by the Langmuir Adsorption Isotherm Model.
PSA process design alternatives
The two PSA alternatives are developed in Aspen Adsorption. The first alternative studies the setting cycle for water adsorption in zeolite to dehydrate ethanol that is used in the industry [14] with the operation parameters reported in Table 2 . The schematic design of this process is shown in Figure 1 . It has 4 stages, which are described as follows [15] . It is noteworthy that while the bed 1 is in the adsorption step (I), the bed 2 performs the other three stages: depressurization (II), purge (III) and pressurization (IV). When the cycle is complete, the sequence of steps is exchanged in the beds. This applies also to the proposed new cycle. I. Adsorption: A 700 kmol/h ethanol aqueous solution at 92.5% wt is fed during 345 s and operated under an adsorption pressure of 379.2 kPa at a temperature of 125°C. During this stage, a 100 kmol/h product sample is taken to purge the bed for 15 s and 525 kmol/h to pressurize it for 120 s. II. Depressurization: This is done in two stages. The first stage is a linear depressurization done in 60 s, which allows the scheme to reach a pressure of 137.9 kPa. The second stage is an exponential depressurization done in 150 s, reaching a pressure of 13.8 kPa. III. Purge: Maintaining vacuum pressure at 13.8 kPa, the system is purged with a 100 kmol/h sample taken from anhydrous ethanol produced during 15 s. IV. Pressurization: For 120 s, 525 kmol/h of anhydrous product is taken to pressurize the bed from 13.8 kPa to 379.2 kPa.
The process operates in two beds; both beds have the same characteristics and are presented experimental and in a concentration of 92.5% wt, with a flow of 700 kmol/hr. Its corresponding time period depends on the adsorption pressure and other factors, which are the reason why it is categorized as a performance variable. II. Adsorption or Production: An ethanol-water mixture is fed on the same conditions of the previous stage and a product is obtained. The length of the stage and the pressure at which it operates are performance variables. Alongside the duration of this step, an equilibrium data [16] . Also using the Clausius-Clapeyron equation, water adsorption heat and ethanol were calculated. The schematic design representing the second alternative, with the pressure equalization step, is shown in Figure 2 . The pressure equalization step introduces two new stages, one of equalization input and one of equalization output, so this cycle has 6 steps described as follows: I. Pressurization: The system is pressurized with an ethanol-water mixture fed at a 125°C temperature unknown purge flow is taken for 15 s, which is then optimized. III. Equalization output: The purge valve opens up and lets the gas flow into the other bed until the pressure equalizes, this step lasts 10 s. The final pressure at which equalization takes place depends on the process, thus, it is considered as a performance variable. IV. Depressurizations: With the remaining pressure in the bed after having equalizing it, the system is depressurized to a vacuum of 10 kPa. Following the sequence of the industrial cycle of a first linear depressurization up to 130 kPa that takes a 60 s time period, plus 150 s to achieve, by exponential depressurization, the final pressure. V. Purge: The depressurized bed is fed anhydrous ethanol for 15 s from the adsorption step in a countercurrent fashion for adsorbent regeneration. VI. Equalization Input: When the purge ends, the purge valve opens up to let gas in from the other bed until pressures are equalized.
Results and discussion
PSA alternatives comparison
As a comparison, initially the proposed alternative was studied under industrial cycle operation parameters reported in Table 2 . The 700 kmol/h stream-feed was preheated to 125°C before initiating the PSA process. The concentration feed was 92.5% wt ethanol and the adsorption pressure was 379.2 kPa. To carry out this analysis, an Aspen adsorption model was developed using the described scheme for PSA process [10] for the industrial process that is operated currently. In Figure 3 , product purity profile for both models is presented and it can be observed that the industrial cycle model allows to obtain a purity above 99% wt ethanol, which is the minimum concentrations specified and recommended for the product. With the cycle proposed, the purity of the product reads below 99% wt. Taking purity as a response variable, the industrial cycle performs better with a 99.25 % value, whilst the equalization cycle gets 98.58%. However, for the other response variables, the equalization cycle is better since recovery is 71.19% with the industrial cycle compared to 87% that is achieved with the equalization cycle. The 9486.48 kg/h production that is achieved with the industrial cycle is below 11390 kg/h, which is the value achieved with the equalization cycle. This confirms that there is an increase in the efficiency of the process when the two equalization stages are introduced and the level of purity only indicates that by modifying the cycle scheme, the optimal operating conditions of the process are also modified.
The increase in production is due in part to bed pressurization differences. The industrial cycle uses anhydrous ethanol to pressurize the bed in 120 s, while the equalization cycle uses a 92.5% wt. concentration feed. The pressurization of the bed with anhydrous ethanol increases in temperature during both pressurization and adsorption steps, thereby decreasing the adsorption capacity. Figure 4 shows temperature profiles for different heights of the bed: it can be seen that temperature increase is higher for the industrial cycle than for the equalization one. For a height of 2.8 m, the industrial cycle has a temperature increase of 7.63°C during adsorption, while the equalization cycle has a mere increase of 5°C.
Accordingly to the temperature profiles, adsorption is an exothermic process and desorption is an endothermic process: If temperature reduction is high, the adsorbent has to be heated to prevent condensation. On the other hand, if the temperature rises too high, cooling must be used to avoid a considerable reduction in the process yield.
In terms of energy balance, the industrial cycle has a consumption of 263.73 kJ/kg produced ethanol while equalization cycle requires 219 kJ/kg the same kind of ethanol. The reduction in energy consumption is associated to the increased in production; so the more productive the process is, the less energy it will consume, which gives us a greater advantage to operate the process in the equalization cycle. Finally in Figure 5 , adsorption/ desorption capacity for both cycles is reported. It can be seen that desorption is very similar for both cycles, but adsorption is greater because of the equalization cycle.
Optimization of PSA
The study conducted for both industrial and equalization cycle models with industrial 14 m high and 4 m diameter size bed reveals that when the PSA cycle operation scheme is modified, the operating conditions must also undergo modifications. For this reason, to optimize the PSA process, a factorial design of 3 determinants was performed: adsorption time ta (s); adsorption pressure Pa (kPa) and purge flow Fp (kmol/s). The feed flow, the feed concentration, and the feed temperature were constant.
The results obtained from the simulation model developed in Aspen Adsorption for the scheme of the equalization cycle were evaluated in Statgraphics shown in Figure 6 , where the load of the bed is defined in relation to the dimension minus axial direction. Also in this Figure, the area between the adsorption and desorption curves of the capacity of the cycle shows that the industrial cycle has a cycle capacity comparable to the load capacity of the equalization cycle. The difference lies in the solute removal capacity at the beginning and in the end of the bed, being higher in a 10m high and 3.3 m diameter bed in the initial part and lower in the final stage. Just the same, in the process operating in the industry, the removal is lower in the initial part of the bed but higher in the final phase.
Centurion. These results were adjusted to a quadratic model considering only the factors and the interaction between them that had significance for the response variables. This was done on the two different size beds. Table 3 shows the optimum conditions and the response variables for each bed.
In the optimum operation conditions obtained through Statgraphics modeling and evaluated by using Aspen Adsorption models, the load capacity of the cycle for the equalization scheme is analyzed in two different scopes and it is compared with the industrial scheme. This analysis is Operating the process in a column of 10 m requires that the necessary amount of adsorbent for charging the bed is cut back by 52.73%, thus the load cycle capacity is scarcely affected as shown in Figure 6 . On the other hand, the ethanol recovery introduced to the 92.5% wt mixture increases from 80.64 to 84.22%. The purity decreases only by 0.06% wt, and production as well as energy consumption have a similar value as it is shown in Table 3 .
Conclusion
Adding pressure equalization steps to the PSA process results in a product with a purity higher than 99% wt ethanol and with substantial improvements in other response variables such as production, product recovery and energy consumption. In addition, through optimization it was found that with a smaller column for this cycle, the requirements for ethanol purity with consequent savings in adsorbent material was achieved. 
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